Huntington's disease (HD) is caused by an expansion of the polyglutamine tract at the N terminus of huntingtin. This mutation reduces levels of BDNF in the striatum, likely by inhibiting cortical Bdnf gene expression and anterograde transport of BDNF from the cerebral cortex to the striatum. Substantial evidence suggests that this reduction of striatal BDNF plays a crucial role in HD pathogenesis. Here we report that overexpression of BDNF in the forebrain rescues many disease phenotypes in YAC128 mice that express a full-length human huntingtin mutant with a 128-glutamine tract. The Bdnf transgene, under the control of the promoter for ␣ subunit of Ca 2ϩ /calmodulindependent protein kinase II, greatly increased BDNF levels in the cerebral cortex and striatum. BDNF overexpression in YAC128 mice prevented loss and atrophy of striatal neurons and motor dysfunction, normalized expression of the striatal dopamine receptor D2 and enkephalin, and improved procedural learning. Furthermore, quantitative analyses of Golgi-impregnated neurons revealed a decreased spine density and abnormal spine morphology in striatal neurons of YAC128 mice, which was also reversed by increasing BDNF levels in the striatum. These results demonstrate that reduced striatal BDNF plays a crucial role in the HD pathogenesis and suggest that attempts to restore striatal BDNF level may have therapeutic effects to the disease.
Introduction
Huntington's disease (HD) is a neurodegenerative disease involving severe motor dysfunction, cognitive deficits, and psychiatric difficulties. It is caused by an expansion of CAG trinucleotide repeats in the gene for huntingtin. The marked atrophy of the striatum seen in HD patients is mostly due to massive loss of medium-sized spiny neurons (MSNs) (Vonsattel and DiFiglia, 1998) . While the mechanism by which mutant huntingtin leads to this selective degeneration of striatal neurons remains to be elucidated, increasing attention has been given to reduced levels of BDNF in the striatum of HD patients.
A significant reduction in levels of striatal BDNF has been reported in both HD patients (Ferrer et al., 2000) and HD mice (Spires et al., 2004a; Gharami et al., 2008) . Mutant huntingtin reduces levels of BDNF in the striatum likely by inhibiting cortical Bdnf gene expression (Zuccato et al., 2001 (Zuccato et al., , 2003 and anterograde transport of BDNF from the cortex to the striatum (Gauthier et al., 2004; Her and Goldstein, 2008) . BDNF is required for the survival and differentiation of striatal neurons (Mizuno et al., 1994; Ventimiglia et al., 1995; Ivkovic and Ehrlich, 1999; Baquet et al., 2004) , and a deficiency in BDNF-mediated signaling alone is sufficient to cause dendritic abnormalities and neuronal loss in the cerebral cortex and striatum (Xu et al., 2000; Baquet et al., 2004) . These observations raise the possibility that the reduced supply of striatal BDNF may significantly contribute to HD pathogenesis. In support of this view, the progression of Huntington's disease is accelerated in Bdnf heterozygous mice (Canals et al., 2004; Pineda et al., 2005; Giralt et al., 2009 ). Furthermore, alterations of gene expression profile in the striatum have been shown to be similar in HD patients and mice in which the Bdnf gene is deleted in the cerebral cortex (Strand et al., 2007) . In light of these findings, efforts have been made to test whether increasing BDNF expression represents a valuable strategy for treatment of Huntington's disease. Indeed, increasing striatal BDNF levels by a transgene , viral delivery (Cho et al., 2007) , or stimulations that induce Bdnf gene expression (Spires et al., 2004a; Peng et al., 2008; Simmons et al., 2009) have been shown to improve disease phenotypes in R6/1 or R6/2 mice that express an N-terminal fragment of mutant huntingtin (Mangiarini et al., 1996) .
We have previously shown that BDNF overexpression in the forebrain ameliorated motor dysfunction, reversed brain weight loss, normalized expression of some genes, and reduced formation of neuronal intranuclear inclusions in R6/1 mice . Here we report that BDNF overexpression in the forebrain rescues many disease phenotypes in YAC128 mice, a more physiological HD mouse model that expresses the whole human huntingtin gene with 128 CAG repeats and exhibits agedependent loss of striatal neurons (Slow et al., 2003) .
Materials and Methods
Animals. YAC128 mice (Slow et al., 2003) and Bdnf transgenic (BTg) mice (Huang et al., 1999) were previously described. Both mouse strains were maintained on the C57BL/6 background. YAC128 mice were crossed to BTg mice to produce wild-type (WT), YAC128, BTg, and YAC128;BTg double transgenic (YAC;BTg) mice. Each mouse was marked with an ear tag. The Bdnf transgene was identified by Southern blots, and the YAC128 transgene was identified by PCRs using two sets of primers (RYA primers: 5Ј-CTTGAGATCGGGCGTTCGACTCGC-3Ј and 5Ј-CCG-CACCTGTGGCGCCGGTGATGC-3Ј; LYA primers: 5Ј-CCTGCTCG-CTTCGCTACTTGGAGC-3Ј and 5Ј-GTCTTGCGCCTTAAACCAACTTGG-3Ј). The observer was blind to the genotypes of the mice during all behavioral tests. All animal procedures were approved by the Georgetown University Animal Care and Use Committee.
Rotarod tests. Motor coordination was tested using a rotarod apparatus (Ugo Basile). To document changes in locomotor ability over time, we performed the rotarod test at three time points based on a previous report (Van Raamsdonk et al., 2005) : early stage (4 month) when YAC128 mice show no evidence of abnormal behavior, middle stage (9 months) which corresponds to the onset of brain atrophy, and late stage (16 months) when animals display serious hypokinesis. Mice were weighted and trained for three consecutive days, and there were three trials with a one-h interval each day. Mice were placed on a rotating rod that accelerated from 4 to 40 rpm in 5 min. The time mice stayed on the rotating rod was recorded. If mice stayed on the rotating rod for 5 min or longer, a score of 300 s was recorded. The best score on the third day was used for analysis.
Beam walk test. One week after completion of rotarod tests, beam walk tests were performed using a homemade setup. The mice were trained for 3 consecutive days (3 training sessions per day) to traverse a round wood beam with a diameter of 15 mm. The latency to traverse the 90 cm beam was recorded for each trial. Beam walk assays were quantified according to a previous study (Liu et al., 2009) . For mice that did not move within 3 min (freeze) or fell off the beam (fall), a maximum latency score of 30 s was given. For each mouse, the best score of the three trials on the last day was used for analysis.
Footprint measurement. The hindpaws of mice were coated with nontoxic paints. The mice were trained to walk along a dark tunnel (50 cm long, 8 cm wide, and 12 cm high), and a fresh sheet of white paper was placed on the floor of the runway for each run. The first few strides were discarded, and stride length and base width were measured for 4 continuous strides.
Muscle strength. The grip strength apparatus is comprised of a triangle wire knob (6 cm wide) connected to a balance scale. We lifted a mouse by the tail so that its forepaws could grasp the wire. The mouse was then gently pulled backward by the tail until the wire was released. The maximal force exerted before the mouse lost the grip was recorded. Each mouse was tested for nine trials, and the average of three highest scores was used for subsequent analysis.
Simple swimming test of procedural learning. A simple swimming test was conducted as described previously (Van Raamsdonk et al., 2005) . Briefly, mice were placed in the middle of a linear swimming chamber (58 ϫ 23 cm; water depth, 9 cm; platform, 4 ϫ 11.5 cm) facing away from the escape platform. The amount of time required for mice to reach the platform and the initial swimming direction were recorded for each trial. Swimming toward the platform was arbitrarily given a score of 0, whereas swimming away from the platform was given a score of 1. Mice were trained for 3 d with three pairs of two consecutive trials spaced 2 h per day. For each mouse, the average of the three trials on the last day was used for analysis.
In situ hybridization. In situ hybridization was performed as described previously (Xu et al., 2003) . In brief, mouse brains were dissected and frozen immediately in an isopentane-dry ice bath. All in situ hybridization was performed on cryostat coronal sections at 10 m, using 35 S-labeled antisense or sense riboprobes derived from cDNA sequences for Bdnf mRNA (the whole coding region), Drd1a mRNA (encoding dopamine receptor D1a; GenBank accession number NM_010076, nucleotides 896-1337), Drd2 mRNA (encoding dopamine receptor D2; GenBank accession number NM_010077, nucleotides 551-1350), Penk mRNA (encoding the enkephalin precursor, preproenkephalin; GenBank accession number NM_001002927, nucleotides 301-800), and Tac1 mRNA (encoding the substance P precursor, tachykinin 1; GenBank accession number NM_009311, nucleotides 50-540). After hybridization and washes, sections were exposed to Kodak BioMax MR Hyperfilm. For each mouse, images from eight sections were scanned at 1200 dpi, and the optical density of in situ signal in the dorsolateral area of the striatum was determined using NIH ImageJ. After background subtraction, the mean optical density of a brain region was used for analysis.
Immunoblotting. Dissected cortical and striatal tissues were homogenized in a lysis buffer (80 mM Tris-Cl, 2% SDS, 10% glycerol, pH 6.8) and centrifuged at 12,500 rpm for 30 min. Protein concentrations of extracts were measured using the D c protein assay kit (Bio-Rad Laboratories). Extracts in a loading buffer were denatured for 5 min at 100°C, separated on an SDS-PAGE gel, and transferred onto a polyvinylidene fluoride membrane. The membrane was blocked with Odyssey Blocking Buffer or 5% nonfat milk in TBS (10 mM Tris-Cl, pH 7.5, 150 mM NaCl) for 1 h and then incubated with primary antibodies overnight at 4°C. After two washes with TBST (10 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5% Tween 20), the membrane was incubated with appropriate IRDye secondary antibodies (LI-COR Biosciences) for 1 h at room temperature. The membrane was then washed three times with TBST, and proteins were visual- ized and quantified using the Odyssey Infrared Imaging System (LI-COR Biosciences). The membrane was then stripped and blotted with other antibodies. Intensity of each band was normalized to ␣-tubulin. Antibodies used were from Santa Cruz Biotechnology (BDNF, sc-546, 1:500), Cell Signaling Technology (DARPP-32, Akt, phospho-Akt, Erk1/2, phospho-Erk1/2, PLC-␥1, and phospho-PLC-␥1, all of which were used at 1:1000 dilution), Epitomics (phospho-TrkB at Y817, 1:1000), and Sigma (␣-tubulin, 1:7500). The antibody to TrkB was kindly provided by Dr. Louis Reichardt (University of California, San Francisco, CA).
Immunohistochemistry. Mice were anesthetized with avertin and transcardially perfused with PBS and 4% paraformaldehyde sequentially. Brains were removed from the skull, postfixed in 4% paraformaldehyde overnight, and soaked in 30% sucrose. Coronal brain sections (40 m) were obtained with a sliding microtome, rinsed once with TBS, and incubated with 10% methanol-3% hydrogen peroxide in TBS to quench endogenous peroxidase. After incubating with a blocking buffer (0.4% Triton X-100, 2.5% bovine serum albumin, and 10% horse serum in TBS) for 1 h, the sections were incubated with a primary antibody diluted in the blocking buffer overnight at room temperature. After three washes in the blocking buffer, the sections were incubated with an appropriate biotinylated secondary antibody, followed by the avidin-biotin-peroxidase complex (Vector Laboratories) according to the instructions of the manufacturer. Sections were developed in 0.05% 3,3Ј-diaminobenzidine tetrahydrochloride and 0.003% hydrogen peroxide in 0.1 M Tris-Cl, pH 7.5, mounted onto slides, dehydrated, and coverslipped with DPX.
Stereology. We used Stereo Investigator software (MicroBrightField Inc) to calculate striatal volume and neuronal numbers in the striatum. The following morphological criteria were used to determine the boundary of the striatum: the superior boundary was defined by the corpus callosum, the lateral boundary by the external capsule, the medial boundary by the lateral ventricle and the corpus callosum, and the ventral boundary by the anterior commissure. The nucleus accumbens was excluded from calculations. Measurements were performed on every sixth stained coronal section throughout the brain. Both hemispheres of a given brain were analyzed separately. The number of striatal neurons was estimated using a fractionator sampling method. For each stereological probe striatal neurons were counted within a counting frame of 25 m ϫ 25 m (a sampling site) and 10 -15 sampling sites were randomly picked by the software within the outlined area. The counts were then extrapolated to estimate the total number of neurons in the striatum. For Figure 2 . Activation of the TrkB receptor in YAC128 and BTg mice. A-C, Representative Western blots showing levels of TrkB receptors, downstream effectors (Akt, Erk1/2, and PLC-␥1), and their activated (phosphorylated) forms (p-TrkB, p-Akt, p-Erk1/2, and p-PLC-␥1) in the cortex and striatum. D, E, Relative levels of TrkB receptors and downstream effectors in the cortex and striatum (n ϭ 4 -9 mice per genotype). One-way ANOVA analyses revealed that there was a significant effect of genotype on levels of striatal Akt (F (3,23) ϭ 9.609, p Ͻ 0.001) and striatal p-Akt (F (3,23) ϭ 3.928, p Ͻ 0.05), but not for other protein levels. Error bars represent SEs. Multiple comparisons using t test: *p Ͻ 0.05; **p Ͻ 0.01. all probe runs the coefficient of error (CE Scheaffer) was Ͻ1. Cortical volume was estimated in the sections where the striatum volume was measured.
Analysis of dendritic structure and soma size. Golgi impregnation was performed using the Rapid GolgiStain Kit (FD NeuroTechnologies) as described previously . We used Neurolucida software (MicroBrightField Inc) to trace dendrites of Golgi-impregnated neurons under a Nikon Eclipse E800 microscope equipped with a motorized stage. Striatal MSNs were examined blind to genotype. All of analyzed MSNs were from the dorsolateral part of the striatum, well stained and isolated, and had intact dendritic arbors. Node numbers, intersections, dendritic length, and ending numbers of each traced neuron were calculated using NeuroExplorer software (MicroBrightField Inc). Six neurons were traced per animal, and the average of each measurement from these neurons was used as the value of each mouse during analysis. In Golgistained brain sections, soma size was measured using Neurolucida from at least 30 MSNs in each brain, and their mean was used as the value for the brain.
To measure spine density, we selected one major dendrite (at least 100 m long) from each neuron and marked the position of each dendritic spine along this dendrite using Neurolucida software. Spine density was calculated as a function of distance from the soma, 40 dendrites (10 dendrites per mouse) were traced for each genotype. Spine length was defined as the distance from the tip of the spine head to the interface with the dendritic stalk. High-magnification images of Golgi-stained distal dendrites (Ͼ100 m away from the soma) were taken, and spine length was measured on these images using NIH ImageJ software.
Statistical analysis. All data are expressed as mean Ϯ SEM. All biochemical, histological, and behavioral measurements were analyzed by either one-way ANOVA or two-way ANOVA using GraphPad Prism software. Post hoc comparisons between two genotypes at individual points were assessed with the Student's t test. Comparisons of categorical data were performed with 2 tests.
Results

BDNF overexpression in the forebrain increases striatal BDNF in YAC128 mice
We used a transgene (BTg) to overexpress BDNF in the forebrain. The transgene is under the control of the promoter for ␣ subunit of Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII␣), and it starts to express BDNF in the cerebral cortex in the first postnatal week and reaches plateau in the third postnatal week, as does the endogenous Bdnf gene (Huang et al., 1999) . It has been reported that maturation of GABAergic innervation is accelerated in the cerebral cortex of BTg mice (Huang et al., 1999) .
BTg mice were crossed to YAC128 mice to generate WT, YAC128, BTg, and YAC128;BTg double transgenic (YAC;BTg) mice. In situ hybridization on brain sections of 16-month-old mice showed similar Bdnf mRNA levels in the cerebral cortex of YAC128 and WT mice, indicating that transcription of the Bdnf gene was not altered by mutant huntingtin in YAC128 mice at this age ( Fig. 1 A, C) . The Bdnf transgene under the control of the CaMKII␣ promoter resulted in an approximately threefold increase in Bdnf mRNA levels in the cerebral cortex of both BTg and YAC;BTg mice. The Bdnf transgene was also expressed in the . BDNF overexpression ameliorates motor dysfunction in YAC128 mice. A, Performance on rotarod tests. Tests were performed at 4, 9 and 16 months of ages (n ϭ 10 -38 mice per genotype at each time point). There was a significant effect of genotype (F (3,225) ϭ 7.208, p Ͻ 0.001) and age (F (2,225) ϭ 36.29, p Ͻ 0.0001), but no interaction between genotype and age. B, Body weights of male mice (n ϭ 5-19 mice per group at each time point). There was no significant effect of genotype (F (3,118) ϭ 0.328, p ϭ 0.805) and age (F (2,118) ϭ 1.080, p ϭ 0.343). C, Body weights of female mice (n ϭ 4 -19 mice per group at each time point). There was a significant effect of genotype (F (3,98) ϭ 7.795, p Ͻ 0.001) and age (F (2,98) ϭ 14.76, p Ͻ 0.0001), but no interaction between genotype and age. D, Time to cross beam. Beam walk tests were performed at 16 months of age. YAC128 mice took longer time to cross the beam than the other 3 genotypes of mice (F (3,85) ϭ 8.005, p Ͻ 0.0001; n Ն 19 mice per genotype). E, Percentage of mice that fell off the beam. F, Percentage of mice that stopped walking on the beam. G, H, Stride length and hind base width were measured when mice were at 13 months of age (stride length: F (3,50) ϭ 2.744, p ϭ 0.0528; hind base width: F (3,50) ϭ 9.936, p Ͻ 0.0001; n ϭ 11-17 mice per genotype). I, Muscle strength was measured when mice were at 14 months of age. There was a significant effect of genotype on muscle strength (F (3,49) striatum where the activity of the endogenous Bdnf gene was very low (Fig. 1 A, C) . To determine whether the transgene can increase BDNF protein levels, protein extracts were prepared from striatal and cortical tissues dissected from the four genotypes of mice at 16 months of age and analyzed using Western blots (Fig. 1 B) . Levels of mature BDNF in YAC128 mice were similar in the cerebral cortex but significantly reduced in the striatum when compared with WT mice (Fig. 1 D) . Importantly, levels of mature BDNF in BTg and YAC;BTg mice were increased by ϳ2-fold in the cerebral cortex and by 2-3-fold in the striatum when compared with those in WT and YAC128 mice (Fig. 1 D) , showing that the Bdnf transgene can greatly increase striatal BDNF in HD mice.
Activation of the TrkB receptor in YAC128 and BTg mice
In cultured neurons BDNF activates several signaling pathways through the TrkB receptor for a duration of up to hours, including the extracellular-signal-regulated kinase (Erk) pathway, the phosphoinositide 3-kinase (PI3K) 3 Akt pathway, and phospholipase C-␥1 (PLC-␥1) pathway, which may mediate the effect of BDNF on neuronal differentiation, neuronal survival and soma size, and synaptic plasticity, respectively (Reichardt, 2006) . We used Western blots to determine whether long-term alterations in BDNF levels change expression levels of TrkB and its downstream effectors and their activation in the cerebral cortex and striatum of the four genotypes of mice at 16 months of age. In the cerebral cortex, the expression of mutant huntingtin and/or BDNF did not alter the amounts of the full-length TrkB receptor (TrkB-F), the truncated TrkB receptor (TrkB-T), and phosphorylated-TrkB (p-TrkB) (Fig. 2 A, D) . Levels of PLC-␥1, phosphorylated-PLC-␥1 (p-PLC-␥1, the activated form), Akt, phosphorylated Akt (p-Akt, the activated form), Erk1/2, and phosphorylated Erk1/2 (p-Erk1/2, the activated form) were normal in the cerebral cortex of YAC128, BTg, and YAC;BTg mice ( Fig. 2 B-E) . Concordantly, levels of TrkB, p-TrkB, PLC-␥1, p-PLC-␥1, Erk1/2, and p-Erk1/2 in the striatum were comparable among the four genotypes of mice (Fig. 2) . However, BDNF overexpression significantly increased striatal levels of Akt in BTg mice and striatal levels of both Akt and p-Akt in YAC;BTg mice (Fig. 2C,E) , indicating that BDNF overexpression increased steady levels of activated Akt in the striatum of YAC128 mice.
BDNF overexpression prevents motor dysfunction in YAC128 mice YAC128 mice exhibit late-onset deficits in motor coordination, as revealed by the rotarod test (Slow et al., 2003) . We performed the rotarod test to monitor motor coordination of the four genotypes of mice at 4, 9, and 16 months of age (Fig. 3A) . Genotype and age had a significant impact on the performance of the task (genotype: F (3,225) ϭ 7.208, p Ͻ 0.001; age: F (2,225) ϭ 36.29, p Ͻ 0.0001). YAC128 mice performed poorly on the test at 16 months of age compared with age-matched WT littermates. Furthermore, they displayed a trend toward lower performance on the task compared with WT mice at earlier time points. Impressively, YAC;BTg mice performed as well as WT mice on this task at all three time points (Fig. 3A) . The difference in performance cannot be attributed to body weight differences since all four genotypes of mice had comparable body weights at 16 months of age (Fig. 3B,C) .
We performed beam walk tests to further examine the beneficial effect of BDNF overexpression on motor coordination of Figure 4 . BDNF overexpression corrects deficits of YAC128 mice in a simple swimming test. Animals were 12 months old and included 13 WT mice, 18 BTg mice, 12 YAC128 mice, and 11 YAC;BTg mice. A, Average latency for mice to reach the platform in three trials on day 3. YAC128 mice took longer time to reach the platform than WT mice (F (3,53) ϭ 4.49, p Ͻ 0.01). B, Quantification of the path taken to the platform. Mice swimming initially toward the platform were given a score of 0, whereas mice swimming initially away from the platform were given a score of 1. YAC128 mice made significant more errors in initiating the task than the other three genotypes of mice (F (3,53) ϭ 10.71, p Ͻ 0.0001). Error bars indicate SEs. Multiple comparisons using t test: *p Ͻ 0.05; ***p Ͻ 0.001. YAC128 mice. YAC128 mice at 16 months of age took a significantly longer time to cross the beam, compared with WT mice (Fig. 3D ). YAC128 mice also exhibited a higher tendency to fall from the beam (Fig. 3E) and to freeze on the beam (Fig. 3F ) . BDNF overexpression in the forebrain normalized all these abnormalities, as YAC;BTg mice showed no difference from WT mice on this test (Fig. 3D-F ) .
To further determine the effect of BDNF overexpression on motor coordination, we assessed gait abnormalities in the four genotypes of mice by footprint pattern analysis. The footprint pattern was quantitatively evaluated by measurements of stride length and base width for hindpaws. YAC128 mice at 13 months of age had similar stride length and base width to WT mice; however, BDNF overexpression increased stride length and narrowed hind base width in BTg mice and YAC;BTg mice (Fig. 3G,H) . As YAC128 mice in our colony did not display clasping, we did not examine the effect of BDNF on this phenotype that has been detected in several HD mouse models.
As shown above, BDNF overexpression improved the performance of YAC;BTg mice in several motor-related tasks. To determine whether the improvement results from an increase in muscle strength, we measure the grip strength of front paws in the four genotypes of mice at 14 months of age. YAC128 mice exhibited significantly weaker grip strength compared with WT mice, which was not ameliorated by BDNF overexpression (Fig. 3I ). This result suggests that BDNF overexpression improves motor functions by enhancing motor coordination.
Together, the results from the behavioral tests demonstrate that BDNF overexpression in the forebrain prevents the development of motor dysfunction in YAC128 mice.
BDNF overexpression mostly reverses cognitive deficits of YAC128 mice in a simple swimming test
In addition to motor dysfunction, HD patients show cognitive deficits, one of which is related to procedural learning (Heindel et al., 1989; Knopman and Nissen, 1991; Gabrieli et al., 1997; Schmidtke et al., 2002) . Raamsdonk and colleagues developed a simple swimming test to uncover deficits in procedural learning in YAC128 mice (Van Raamsdonk et al., 2005) . In this test, mice are placed in the middle of a linear swimming chamber facing away from the escape platform located at one end, and they have to learn to turn around and swim to the platform. We used this test to examine procedural learning of the four genotypes of mice at 12 months of age. After 2 d of training, the vast majority of mice learned to turn immediately to reach the platform (Fig. 4 A) . (Drd2), enkephalin (Penk), dopamine receptor D1a (Drd1a), and substance P (Tac1) in four genotypes of mice. B, Relative levels of Drd2, Penk, Drd1a, and Tac1 mRNAs in the striatum (n ϭ 4 mice per genotype). Significant differences in abundance among the four genotypes were found for Drd2 mRNA (F (3,12) ϭ 16.01, p Ͻ 0.001), Penk mRNA (F (3,12) ϭ 13.16, p Ͻ 0.001), and Tac1 mRNA (F (3,12) ϭ 4.328, p Ͻ 0.05) but not for Drd1a mRNA (F (3,12) ϭ 1.479, p ϭ 0.270). C, Representative Western blot of striatal DARPP-32. D, Relative levels of DARPP-32 in the striatum were not significantly different among four genotypes of mice (F (3,14) ϭ 1.600, p ϭ 0.234; n ϭ 6 WT mice and 4 mice for each of the other 3 genotypes). Error bars represent SEs. Multiple comparisons using t test: *p Ͻ 0.05; **p Ͻ 0.01.
To determine whether the reduced latency for YAC;BTg mice to reach the platform relative to WT mice arose from improved procedural learning, we examined the path for each mouse to reach the platform. In contrast to YAC128 mice, which frequently swam initially at the wrong direction, YAC;BTg mice swam directly to the platform in nearly all trials, as did WT and BTg mice (errors in initial swimming direction: WT, 1 of 39 trials; BTg, 1 of 54 trials; YAC128, 10 of 36 trials; YAC;BTg, 1 of 33 trials; 2 ϭ 24.51, p Ͻ 0.0001). To quantify this phenotype, we arbitrarily assign mice swimming toward the platform a score of 0 and mice swimming away from the platform a score of 1. According to this analysis, YAC128 mice showed a significant deficit in initiating the task in the correct direction and the deficit was corrected in YAC;BTg mice (Fig. 4 B) . This result shows that BDNF overexpression reverses the deficit in procedural learning in YAC128 mice.
BDNF overexpression prevented brain atrophy and loss of striatal neurons in YAC128 mice
YAC128 mice exhibit brain atrophy, as do many other HD mouse models. They also show age-dependent loss of striatal neurons (Slow et al., 2003) . At 16 months of age, brain weight decreased by 5% in YAC128 mice compared with WT mice (Fig. 5A ). Striatal atrophy is likely an important contributor to the brain weight loss, as the striatum of YAC128 mice was reduced by 14% in volume (Fig. 5B) . Cortical volume in YAC128 mice was also reduced, but did not reach significance ( p ϭ 0.113; Fig. 5C ). To identify the cause for striatal atrophy, we used NeuN immunohistochemistry to reveal neurons, counted striatal neurons on NeuN-stained brain sections using a stereological method, and measured the soma size of striatal neurons on Golgi-stained sections. The number of striatal neurons and their soma size were reduced by 11% (Fig. 5D ) and 9% (Fig. 5E) , respectively. On the contrary, BTg mice had significantly higher brain weight than WT mice (Fig. 5A ), but their striatal volume, cortical volume, and number and soma size of striatal neurons were not significantly different from WT mice (Fig. 5B-E) . BDNF overexpression in YAC128 mice reversed loss of brain weight, striatal atrophy, loss of striatal neurons, and somatic atrophy of striatal neurons (Fig. 5) . These results indicate a protective effect of BDNF against brain atrophy and neuronal loss in the striatum of YAC128 mice.
Effect of BDNF overexpression on levels of dopamine receptor D2, enkephalin, and DARPP-32
Immunohistochemical studies of postmortem tissues show that striatal MSNs coexpressing dopamine receptor D2 (DRD2) and enkephalin (Enk) are more vulnerable than those coexpressing dopamine receptor D1a (DRD1a) and substance P (SP) in HD patients. Although previous studies indicate reduced levels of mRNA for Enk precursor, preproenkephalin (Penk), but normal expression of dopamine receptors in YAC128 mice (Benn et al., 2007) , we found that levels of both Drd2 and Penk mRNAs were significantly reduced in YAC128 mice at 16 months of age (Fig. 6 A, B , p Ͻ 0.01). However, mRNAs levels for Drd1a and SP precursor tachykinin 1 (Tac1) were not affected in these animals ( Fig. 6 A, B) . These results suggest that aging YAC128 mice recapitulate the selective degeneration feature of HD patients. Importantly, BDNF overexpression normalized levels of both Drd2 and Penk mRNA levels in YAC;BTg mice (Fig. 6 A, B) . Additionally, BDNF overexpression also increased striatal levels of Tac1 mRNA in BTg and YAC;BTg mice (Fig. 6 A, B) . DARPP-32 is a 32 kDa dopamine-and cAMP-regulated phosphoprotein important for dopamine neurotransmission (Svenningsson et al., 2004) , and its expression is severely impaired in the striatum of R6/1 mice . We observed a 25% reduction of DARPP-32 levels in the striatum of YAC128 mice at 16 months of age compared with WT mice, but the reduction did not reach significance ( p ϭ 0.44; Fig. 6C,D) . This result is similar to what was previously reported (Van Raamsdonk et al., 2006) . As observed in R6/1 mice , BDNF overexpression significantly increased DARPP-32 levels in YAC;BTg mice compared with YAC128 mice (Fig. 6C,D) . Taken together, these results indicate that BDNF overexpression increases the expression of some genes important for the function of the striatum.
BDNF overexpression normalized spine morphology of striatal medium spiny neurons
Marked morphological changes in the dendrites of MSNs have been reported in HD patients (Graveland et al., 1985; Ferrante et al., 1991) as well as in R6/1 mice (Spires et al., 2004b) . We used Golgi staining to examine whether dendritic morphology of MSNs is altered in YAC128 mice and, if so, whether BDNF overexpression can normalize the abnormality. We traced the dendrites of Golgi-stained MSNs in the four genotypes of mice at 16 months of age (Fig. 7A) . Node number, intersection number, total dendrite length, and endings per neuron from reconstructed dendritic arbors were calculated. These quantitative morphometric analyses revealed that MSNs in all four genotypes of mice had comparable dendritic arbors (Fig. 7B-E) .
Each MSN has thousands of dendritic spines, which are the postsynaptic sites for a vast majority of excitatory inputs. We examined whether the expression of mutant huntingtin alters dendritic spines of MSNs on Golgi-stained brain sections (Fig.  8 A) . MSNs in YAC128 mice had significantly lower spine densities, especially on distal dendrites (Fig. 8 B) , and shorter dendritic spines (Fig. 8C ) when compared with WT mice. The latter abnormality mainly resulted from lower numbers of long dendritic spines (Fig. 8 D) . Although density and length of spines were normal in BTg mice, BDNF overexpression did rescue the abnormal spine phenotype in YAC128 mice (Fig. 8 B-D) .
Discussion
In adults striatal BDNF arrives by anterograde transport from cell bodies located primarily in the cerebral cortex, secondarily in the substantia nigra, and tertiarily in the thalamus (Altar et al., 1997; Altar and DiStefano, 1998) . Levels of mature BDNF in the striatum are significantly reduced in HD patients (Ferrer et al., 2000; Gauthier et al., 2004 ) and mouse models (Ferrer et al., 2000; Spires et al., 2004a) . Several studies suggest that this reduction results from inhibition of Bdnf gene expression (Zuccato et al., 2001 (Zuccato et al., , 2003 and/or deficits in BDNF anterograde transport (Gauthier et al., 2004; Her and Goldstein, 2008) , caused by mutant huntingtin. We found that levels of BDNF protein were reduced by ϳ40% in the striatum of YAC128 mice at 16 months of age. However, we did not find a reduction in Bdnf mRNA levels in the cerebral cortex of YAC128 mice, suggesting that Bdnf gene transcription is normal in the cortex of these animals. As blockage of anterograde transport should increase BDNF levels at the source, normal levels of mature BDNF in the cortex of aging YAC128 mice suggest that deficits in BDNF transport from the cortex to the striatum are unlikely the cause for the reduction in striatal levels of mature BDNF. Furthermore, there is little Bdnf gene expression in the striatum of WT mice, so downregulation of Bdnf gene expression in the striatum of YAC128 mice cannot be the cause for the reduction either. However, our data does not allow us to address the possibility of reduced BDNF inputs to the striatum from the substantia nigra and the thalamus.
One potential cause for reduced neurotrophic support of striatal neurons in HD may be deficits in processing of pro-BDNF. Immunoblotting analysis revealed a reduction in striatal levels of mature BDNF in R6/1 mice (Spires et al., 2004a; Gharami et al., 2008) and HD patients (Ferrer et al., 2000; Gauthier et al., 2004) . In this study, we found that striatal levels of mature BDNF were also reduced in YAC128 mice. However, ELISA assays show normal striatal levels of BDNF in R6/1 mice (Canals et al., 2004; Pang et al., 2006) and increased striatal levels of BDNF in YAC72 mice (Seo et al., 2008) . As ELISA assays detect both mature BDNF and pro-BDNF, this discrepancy suggests that processing of pro-BDNF may be impaired in the striatum, leading to accumulation of pro-BDNF in the striatum. Since current BDNF antibodies are still problematic in detecting pro-BDNF on immunoblots, future development of specific BDNF antibodies or utilization of tagged Bdnf knockin mice (Matsumoto et al., 2008; Yang et al., 2009) will help uncover the effect of mutant huntingtin on BDNF maturation.
We previously demonstrated that BDNF overexpression in the forebrain significantly improved the performance of R6/1 mice on the rotarod test . In this study we found that BDNF overexpression in the forebrain virtually prevented motor dysfunction in aging YAC128 mice, as revealed by rotarod and beam walk tests. R6/1 mice display faster progressed diseases and more severe motor deficits than YAC128 mice (Davies et al., 1997; Slow et al., 2003) . It is unclear whether the apparent better rescue in YAC128 mice in terms of motor coordination is due to more effective actions of BDNF in slowly progressed HD mice or as a result of the motor dysfunction of R6/1 mice that is too severe to be reversed. In addition to motor function, BDNF overexpression also prevented brain weight loss and increased levels of some proteins or peptides important for striatal function, such as DARPP-32 and enkephalin, in both R6/1 and YAC128 mice. However, activation of TrkB and Akt behaves differently in response to increased BDNF levels in these two HD models. Levels of p-TrkB and p-Akt were reduced in the R6/1 striatum but not in the YAC128 striatum, which should be attributable to a more severe phenotype and a much deeper reduction of striatal BDNF levels in R6/1 mice than in YAC128 mice. The normal p-TrkB level may explain why BDNF overexpression did not increase the steady levels of p-TrkB and its activated downstream effectors in the cortex and striatum of YAC128 mice with exception of striatal Akt. YAC128 mice exhibit agedependent loss of striatal neurons and deficits in procedural learning (Slow et al., 2003; Van Raamsdonk et al., 2005) . These unique phenotypes allowed us to address whether BDNF overexpression could rescue striatal degeneration and cognitive deficits associated with HD. Our results indicate that BDNF overexpression in the forebrain completely rescues striatal neuron loss and corrects the deficit in procedural learning in YAC128 mice.
We did not detect significant motor deficits on the rotarod test in YAC128 mice until 16 months of age, which is different from previous studies that found motor dysfunction in younger mice (Slow et al., 2003; Van Raamsdonk et al., 2005) . This discrepancy likely results from differences in genetic background. The mice used in this study were on the C57BL/6J background, which have a later onset of motor deficiency (Van Raamsdonk et al., 2007) . The later onset may also explain why we did not detect gait abnormalities that were reported in FVB/N YAC128 mice (Wang et al., 2010) . It was reported that levels of p-Akt were increased in the striatum of Hdh Q111/Q111 knockin and R6/1 mice (Gines et al., 2003; Saavedra et al., 2010) . However, we observed a reduction or no change in striatal p-Akt levels in R6/1 mice and YAC128 mice. Since steady levels of p-Akt are determined by equilibrium of extracellular stimulations and activities of phosphatases, they could be greatly influenced by differences in strain and genetic background. It is worthy to note that one study found lower levels of p-Akt in the striatum of HD rats and patients (Colin et al., 2005) .
We found that the striatum lost a significant number of neurons and that the remaining striatal neurons had smaller somata but normal dendritic arbors in YAC128 mice. These observations indicate that striatal atrophy in these HD mice mainly results from neuronal loss and neuronal atrophy. BDNF overexpression in the forebrain completely reversed striatal atrophy in YAC128 mice. As the number and dendritic arbors of striatal neurons are not significantly different between WT and BTg mice, this marked effect likely rises from protection of striatal neurons from atrophy and death rather than increased neurogenesis and enlarged dendritic arbors, which may be related to increased steady levels of activated Akt in YAC;BTg mice. Interestingly, BTg mice have significantly larger brains than WT mice, which may result from a combination of subtle effects. For instance, in BTg mice the striatum has 7% more neurons and their cell bodies are 3% larger compared with WT mice. The combination of these subtle and insignificant differences leads to a significantly larger brain in BTg mice.
Despite a previous study indicates that receptor abnormalities in YAC128 mice appear limited to glutamate receptors (Benn et al., 2007) , we did find reduced levels of Drd2 mRNA in these mice. Since MSNs of the indirect pathway are most affected in HD patients (Reiner et al., 1988) , the observed reduction in the expression of Drd2 and Penk may be a reflection of selective degeneration of MSNs in the indirect pathway in YAC128 mice. In addition to altered expression of neurotransmitter receptors, abnormal dendritic spines certainly contribute to motor dysfunction in YAC128 mice. We found that dendritic spine density and dendritic spine length were reduced in MSNs of YAC128 mice. A similar phenotype was previously observed in R6/1 mice (Spires et al., 2004b) . Our data further suggest that this spine abnormality is due to loss of long spines. Since dendritic spines continue to form and disappear in the mature brain (Trachtenberg et al., 2002) and dendritic spines change morphology from long and thin to short and stubby when they become mature (Bagni and Greenough, 2005) , this spine phenotype suggests that mutant huntingtin inhibits the formation of new spines in the striatum. Consistent with the established role of BDNF in spine formation (Baquet et al., 2004; Ji et al., 2005) , spine abnormality was normalized in YAC;BTg mice.
In summary, this study suggests that increasing striatal BDNF supply by overexpression may have therapeutic potential for HD. However, we noticed that some BTg mice and YAC;BTg mice developed seizure by 16 months of age. Several studies have found a link between BDNF and epileptogenesis. For instance, epileptogenesis is reduced in mice carrying one copy of the Bdnf gene (Kokaia et al., 1995; Barton and Shannon, 2005) or in mice overexpressing a dominant-negative TrkB receptor (Lähteinen et al., 2002) . Mice overexpressing BDNF throughout the brain show increased seizure susceptibility to kainic acid in vivo and hyperexcitability in CA3 region of the hippocampus and entorhinal cortex in vitro (Croll et al., 1999) . The Bdnf transgene used in this study is also expressed in epileptogenic regions such as the entorhinal cortex and hippocampus, which could be the cause for increased seizure in BTg and YAC;BTg mice. Therefore, it will be necessary to avoid expressing BDNF in these brain regions if BDNF is used to treat HD patients.
